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In theircommentGombosktal. [this issue](hereinafter
referredto as GPL99) claim that the conclusionsreached
by Raeder[1999] (hereinafterreferredto as R99) are not
correctandnot supportedy their simulations.Specifically
they raisetheissuef (1) resultsfrom othercodedor north-
ward interplanetarymagneticfield (IMF), (2) the inherent
numericalresistvity of differentschemes(3) meshcorver-
gence,and (4) the diffusion of the bow shockin the high-
resistivity casesEachof theseissuesvarrantsclarification.

GPL99%essentiallyclaimthattheirmodelis moreaccurate
thananyoneelses. This assertioris basedon the notion of
“meshcorvergence€. As | shalldiscusselon, meshcorver
genceis at mostnecessarybut not sufiicient for validating
a simulation. GPL99do not offer any physicalexplanation
for theirresultsthatis, why thereshouldbea closedmagne-
tospherewith a50 Rg shorttail asaresultof amoderately
northward IMF. Neitherdothey shaw arny conclusve exper
imentalevidenceto supporttheir assertion.They do, how-
ever, presenta simulationbasedon the first-orderaccurate
andhighly diffusive Rusan@ schemgasl doin this reply)
which shaws a closedmagnetosphereThesesimulations
corroboratehe mainresultof R99,namely thatlargevalues
of resistvity producea closedmagnetospher®r northward
IMF conditions.

1. Other Northward IMF Simulations

GPL99presentlist of globalsimulationstudiesof Earth's
magnetospherandernorthward IMF conditionsthat were
publishedover the past15 years. They point out correctly
asl did in my paperthatall of thempredicta closedmag-
netospherexceptfor Raederetal. [1995]andR99. GPL99
apparentiyimply thatthe majority mustberight.

GPL99point out thatvery differentcodesandnumerical
schemesvereusedin thesestudieso addfurthercredibility
to this conclusionalthoughlaterthey saythat“Models 4-7
... arebasedon similar technique$. The latter statements
false,asfarastheGPL99andmy modelis concernedl can-
not commenton the other modelsbecauseheir numerical
detailsarenot published).The GPL99model[Powell et al.,
1999] modifiesthe MHD equationsvith V-B terms,splits

the equationshy waves (characteristics)usesan approxi-
mateRiemannsolverto calculatenumericalfluxes,andsub-
tracts Earth's dipole to avoid large gradientsand spurious
currentnearEarth. | do noneof the above in my model,
but I usestraightflux limited differencesndthe constrained
transportmethodof Evansand Hawley, [1988] which guar
anteegasopposedo approximatesy -B=0. Thusthereare
certainlymoredifferencebetweermodels4 and7 thanim-
plied by GPL99.

Becausemost studiesof GPL99S list do not discuss
specificsabout their simulations(for example, boundary
conditions)in enoughdetail, it is virtually impossibleto dis-
cussthereasonshatleadto theirresults.Noneof thestudies
listedin Tablel of GPL99,exceptR99,makesary attempto
guantify the inherentdiffusivities in their respectre codes.
Thusl find the agumentthat mary other codeshave pro-
ducedclosedmagnetospherdsr northwardIMF misleading
andalsoirrelevant.

2. Numerical Resistivity

GPL99 point out correctly that ary discretenumerical
schemeto solve the MHD equationswill leadto diffusion
andthattheseartificial effectsaredifficult to quantify. It is
anunfortunatereality of computationaphysicsthatthereis
no methodto solve hyperbolicequationssuchasthe ideal
MHD equationspumericallywithoutintroducingnumerical
diffusionanddispersiorwhendiscontinuitiesarepresenin
thesolution[Sod 1985]. The questhasalwaysbeento min-
imize theseeffects. While schemesvith no diffusioncanbe
constructedfor example, centralsecond-ordespatial dif-
ferenceswith leap-frogtime stepping) they suffer from ex-
cessve numericaldispersionwhich makesthemuselesgor
computationghat involve shocksand discontinuities. The
latter effect leadsto overshootsand undershoot$n the so-
lution near discontinuitieswith adwerse numerical effects
[Hirsch, 1990,p. 518]. Thusonestrivesto developschemes
thataremonotond Goduna, 1959],thatis, schemeshatdo
not produceartificial extrema. Godunw [1959], and later
Hartenetal. [1976] and Osher[1983] shaved thatmono-
toneschemesreatmostlocally first-orderaccuratendthus
excessvely diffusive.

Modern schemes,which come under different names
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suchas“flux-correctedtransport”(FCT), “total variancedi-

minishing”(TVD), or “self-adjustinghybridschemes[Boris
andBook 1973;Zalesak1979;vanLeer, 1973,1974,1977;
Hartenand Zwas 1972;Harten 1983,1984; Sweby 1984;
Yee 1985,1987]try to achieve monotonicitywith high glo-

bal accurag by blendinghigh orderfluxeswith low order
fluxes,usingso-called‘flux limiters” or “smoothnessnon-
itors” In essencetheseschemesare of high order every-

where,exceptat discontinuitiesvherethey becomdfirst or-

der and highly dissipatve. The differencesbetweenthese
schemedie mostly in the computationof the flux limiters,

but the ways in which the flux limiters are applied (con-
sened variablesversuscharacteristicsalso providesa dis-

tinction. Of themodelslistedin GPL99's Table1 only mod-
els 4, 5, and 7 use flux-limited schemegmodel 6 is un-
known). The assertiorin GPL99that my codeis basedon

the Rusan® schemgwhichis of first orderandvery diffu-

sive) is only partially correct.| clearly state[Raeder 1999,
p.17,360]:

The gasdynamigartof the equationds spatiallydifferenced
by using a techniquein which fourth-orderfluxes are hy-
bridizedwith first-order(Rusanw) fluxes[Hartenand Zwas
1972; Hirsch, 1990]. The magneticinduction equationis
treatedsomevhatdifferently[EvansandHawley, 1988]in or-
derto consere V-B=0 exactly Thetime steppingscheme
for all variablesconsistsof alow-orderpredictorwith atime-
centeredcorrectoy which is accurateto the secondorderin
time.

Thefirst sentencéeavesno ambiguityto thefactthatmy
schemas flux limited andthatRusane fluxesareonly used
asthe low-order fluxes, whereasthe high-orderfluxes are
of fourth order The flux limiter andthe hybridizationtech-
nigue are describedn detail by Harten and Zwas[1972].
The secondsentencesaysthat! usethe algorithmdescribed
by EvansandHawley [1988], whichincludesthedivergence
free placemenbf thefield variablesaswell asthe flux com-
putationusingthe flux limited van Leer schemgvan Leer,
1977]. Thus my codeis globally of fourth-orderspatial
accurag in the gasdynamicariables(density momentum,
andenegy density),of second-ordespatialaccurag in the
magnetidield componentsandof second-ordeaccurag in
thetime differencing.Consequentlytheimplicationthatmy
codeis inherentlymore diffusive than models5 and 6 of
GPL99Sslist is wrong.

In orderto examinethedifferencedvetweermmy codeand
a pure Rusan® codel have strippedmy codeof its high-
orderfluxesandrerunthe casepresentedn R99 with this
low-order versionof the code. Specifically the Rusane
flux function[Zalesak 1981]for the gasdynamicariables

is given(for onedimension)y
1
f@)iy1y2 = 5(F1 + Fiy1)—

1
—Z(ai + ait1 + Vi + Vig1)Uig1 — Us),

whereU is oneof the variablesdensity momentumpor en-
ergy density;F is the physicalflux; a is thesoundspeedl)
is the velocity; and f is the numericalflux. For Faradays
equatiortheflux functionis givenby

fB)ig1y2 = %(FZ + Fi1) — %Vi+1/2(3i+1 - B;),
whereB is ary of thefield component$3,, By, or B,. The
latter flux functionis somavhatlessdiffusive thanthe orig-
inal Rusan® versionwhichwasonly intendedfor the Euler
equationsincludingthesoundspeedvould notbeappropri-
atehere.Notethatthisflux functionreducego thefirst-order
upwindflux functionin certaincasegfor example whenthe
flow is parallelto anaxis).

Theresultsareshavn in Figurel. Theparameterareall
thesameasfor thecasepresentedh R99,exceptfor theflux
functions. No uniform or anomalousesistvity wasadded.
Figure 1 shouldbe comparedio Plate 1 of R99. Clearly,
the Rusan@ modelleadsto a closedmagnetosphereThe
length of thetail is ~80 Rg. Comparisorwith Platel of
R99 indicatesthat the inherentresistvity of the Rusane
modelis comparabléo auniformresistvity of 9,=2-3x 10°
Q m. Obviously, first-orderflux functionsproduceclosed
magnetospheres.

3. Mesh Convergence

GPL99raisetheissueof meshcorvergence Simply put,
increasinghe meshresolutionshouldreducethe numerical
errors,andin thelimit of zeromeshresolutionthenumerical
solutionshouldcorvergeto thetrue solution. However, this
is only trueif thealgorithmis atleastsecond-ordeaccurate
in spaceandtime. If thediscretizatiorerrorsareof lessthan
second-ordeiincreasinghe meshresolutionwill have little
or no benefit. For example,the local truncationerror of a
first-orderschemewould becomesmallerwith decreasing
cell size, but thereare also more stepsneededor a given
time interval becaus®f the Courant-Friedrichs-Lwy (CFL)
stability condition,with no netgainof globalaccurag.

GPL99 provide a mesh-corergencestudy of their own
codein which they decreasehe cell size by a factor of 8
from the coarsesto the finestgrid. Thereare essentially
nodifferencesn the solutionswhichthey take asconclusve
evidencethat their solutionsare free of numericaleffects.
Therearefour pointsto bemadehere.
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Figure 1. Renderingpf the magnetosphershaving a modelrunwith exactly thesameparameterasin R99,exceptthatthe
first-orderRusane schemewvasusedastheflux function,andwith no anomalousr uniformresistvity.
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First, meshcorvergenceis a necessaryut not a suffi-
cientcriterion. If thealgorithmis notatleastof second-order
accurag in spaceandtime, the corvergencetestwill shav
nothingor almostnothing.AlthoughGPL99claimthattheir
codeis locally of second-ordeaccurag, therearestill vari-
ouswaysby which othererrorscanbe generatedior exam-
ple, insufiiciently accurategrid restrictionandprolongation
in theadaptve meshcode theapproximateRiemanrsolwer,
or atoo conserative flux limiter canall produceadditional
errors. Also, errorsgeneratedoy the nonconseration of
V-B may be producingan effective resistvity. Only mod-
els4 and7 guarantea truly divergence-freenagneticfield
solution by employing the constrainedransportalgorithm
of Evansand Hawley [1988], while all othersuseapprox-
imationsor do not care. Model 5 (GPL99)is particularly
worrisome,asshavn by Powell etal. [1999, p. 303], who
state:“The badnews hereis that, ..., V-B itself is constant
with grid refinement. and [Powell et al., 1999, page290]
“Thus, for a solutionof this systemthe quantityV-B/p is
constantalongparticle pathsandtherefore sincetheinitial
and boundaryconditionssatisfy V-B=0, the samewill be
true for all latertimesthroughouthe flow. The only ambi-
guity arisesin regionswhich arecut off from theboundary
Thelatterstatemenis notquitetruebecausé/ - B errorsalso
arisefrom spatialdiscretizationwhich is clearly shavn by
Powelletal. [1999, Figure5]. Of coursethedetailedeffect
of V-B is notknown, but it maywell affectthe solutionsin
asimilarway asresistvity.

Second,the mesh-comergencetest by GPL99 clearly
shavsthatno corvergencetowardthetrue mathematicaso-
lution hasoccurred.GPL99emplgy theideal MHD Ohm's
law, i.e., E = —vxB. Becausehis Ohm's law doesnot
allow for a parallelelectricfield, by resistvity or otherwise,
nomagnetiadeconnectiorshouldoccur However, eventheir
resultswith the highestspatialresolutionare characterized
by reconnectiorbetweenMF andlobefield tailward of the
cusps. Thus, either their algorithm has corvergedto the
wrongsolution,or corvergencehasnotoccurred GPL99as-
sertthatthe algumentof noncowergences irrelevantsince
ary idealMHD codewould have numericalresistvity lead-
ing to reconnectionThis assertionis provenwrong, for ex-
ample,by MHD simulationsconductedoy Birn and Hesse
[2000], who shav anideal MHD simulationof a magnetic
X geometrythatremainsstablefor thelack of resistvity or
othernonidealMHD terms. Becauseneshcorvergenceas
definedby GPL99and shown in their example,is not syn-
onymouswith convergencaowardthetrueMHD solution,it
canatbestbeanecessargonditionfor corvergence Conse-
guently GPL99simplicationthatmeshcorvergenceproves
thecorrectnessf their resultsis wrong.

Third, | amsomavhatsurprisedhatGPL99do not shaw

4

resultsfrom their modelwith addedresistvity asproposed
by R99. This testis easyto apply andwould be morere-

vealingbecausé givesa numericalestimateof theinherent
numericaldiffusion. GPL99acknavledgethatsuchtestsare
importantandshouldbe done,andwe would agreethatthey

would certainlybeilluminating.

Fourth, | have done mesh-comergencetestsin the past
with my code,andl amcorvincedthattheresultspresented
in R99arewell corvergedto the extentrequiredby the R99
study In particular | have measuredhe corvergencerate
andfoundit consistentvith second-ordetruncationerrors.
I shouldnote, hawever, that meshcorvergencemay posea
problem(for any code)whensouthvardIMF casesarecon-
sidered. In that casethe tail currentsheetcollapsego one
or two grid cells regardlessof resolution,unlessit is kept
broademy resistvity. Sincethe simulationsof R99address
northwardIMF situationghereis no concernin thesecases.
| also note that the simulationsof R99 employed 933,120
grid cells with a resolutionof roughly 0.5 Rg in the re-
gionsof interest. This is not muchdifferentfrom the simu-
lationsreportedoy GPL99,consideringhatthe simulations
presentecby GPL99 emplgy the highestresolutionin the
nearEarthregime.

4. Bow Shock Diffusion

GPL99 also mentionan effect seenin the R99 simula-
tionsthatthey describeasdiffusionof the bow shock. This
effectonly appearsn thecase®f highresistvity. | hadseen
this effect previously but did not find it worthy of explain-
ing in the paper The “diffusion of the bow shock” is ac-
tually diffusion of the magneticfield componentgrom the
magnetospherato the solarwind. Becausethe resistv-
ity makesFaradayslaw parabolic(asopposedo hyperbolic
in theideal MHD case),the magnetospheritield canpen-
etrateupstreaminto the solarwind. Eventually this leads
to a strong modificationof the IMF and solar wind, such
that for northward IMF the IMF field lines (which should
be straightsouth-northendaway from the magnetosphere
andfor southvardIMF they bendtowardthemagnetosphere.
Of course,as mentionedby R99, numericalresistvity is
nonuniform. In particular flux-limited codesshouldhave
extremely small numericalresistvity in the region of uni-
form solarwind flow and IMF becausdhereare no gradi-
ents. Thereforethis effect is expectedto be obsened for
uniformresistvity, whichR99chooseor simplicity, but un-
likely to be seenin codesthat useflux limiters. This con-
clusionis supportedoy the testcasepresentedn Figurel,
which haslarge numericalresistvity, yet shavs no effects
of “bow shockdiffusion” For thesereasonsGPL99s argu-
mentthatthe lack of this effectin othercodesprovestheir
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low level of numericalresistvity is notcorrect.

5. So, Whencethe Differences?

GPL99 state: “The mesh-comergencestudy shovn in
Figurel shavsthatdecreasingilumericaldissipatiorresults
in shorterclosedmagnetotail§. With respecto whatl have
saidabove,| thinkit only shavsthatafinergrid in aparticu-
lar modelresultsn shortermagnetotailsGPL99call thedif-
ferenceghatl find betweermy first- andsecond-orderuns
puzzling. | do not find thempuzzlingat all, becausahere
is a soundphysicalexplanationfor thesewhichis givenby
R99 (diffusionof lobefield acrosghetail neutralsheetand
decouplingof the field line motion from the plasmaflow).
On the otherhand, | find it ratherpuzzlinghow their first-
andsecond-ordemodelscomparel cannotthink of aphys-
ical reasorthatwould explainwhy moreresistvity in acode
shouldproducea longermagnetotaillet aloneanopenone,
andGPL99malke no attemptto explain. However, their sim-
ulationof thetransientesponsé¢o anorthwardturningof the
IMF (Figure 3 of GPL99)revealsinconsisteng with avail-
abledata.In theirmodelit takes~52 minutesfor theIMF to
reachthe magnetopaus&om the upstreamboundary(178
REg at3.76 Rg/min to thebow shockand~5 min from the
bow shockto themagnetopausept t=105min (i.e.,53min
later)the magnetosphereascompletelyclosed(Figure3 of
GPL99,105min); possiblyalreadyatt=90min (i.e.,38 min
afterthenorthwardturningof theIMF). While it maybedif-
ficult to provewith datathatthemagnetospheiis closedata
particularinstanttheclosureratesof thepolarcapfor north-
wardIMF weredeterminedy Newell etal. [1997],whofind
thatthe closureof the polar captakesat least4 hours. This
differsby aboutafactorof 5 from the GPL99result,indicat-
ing thatthe processethatdominatethis simulationarequite
differentfrom whathappensn the magnetosphere.

R99 statesthat large resistvity valuesare suficient to
producea closing tail. This statementimplies that large
resistiity valuesare not a necessarycauseand that other
causesre possible. GPL99list someof the causeswhich
they think might be important. None of theseare investi-
gatedin ary detail,but mostareunlikely:

5.1. Incomplete Convergenceto a Steady State

| find it questionablevhetherthereis ever a steadystate
for the magnetosphere Nonetheless6 hoursof constant
northwardIMF represenseveral Alfv éntransittimesfor the
wholemagnetosphergystem.Thus,if thereis asteadystate,
it shouldhave beenreachedo a goodapproximation.

5.2. Physical Boundary Conditionsand Their
Numerical |mplementation

Most models,including models5 and 7, put the outer
boundarieswell into regions of supermagnetosonittow;
thuslittle if arny effect on the solutionsis expected. lono-
sphericbhoundaryconditionshave not beeninvestigatedbut
models1-3 differ notably from the restin thatthey essen-
tially have no well-definedionosphericboundary yet they
still produceclosedmagnetotails. Initial conditionsmay
causssignificantdifferencedecausaninitially closedmag-
netosphershouldnever becomeopenunderduenorthward
IMF. While GPL99apparentlystarttheir simulationwith a
southvard IMF, several modelsof Table1 in GPL99make
no statemenabouttheirinitial conditions.

5.3. Anomalous Resistivity

R99clearly stateghattheanomalousesistvity termhas
no effect in the simulations. This becomeslearby com-
parisonof run A with run B of R99. Run A containsthe
anomalougesistvity term, while run B hasno anomalous
resistvity but hasuniform resistvity whosevalueis appar
ently well below inherentnumericalresistvity. Thereare
essentiallyno differences.

5.4. Nonuniqueness

| agreewith GPL99thatmathematicallynonuniquesolu-
tionsareunlikely. However, this would be hardto prove.

6. How to Resolve the Differences?

GPL99suggesthat “careful comparison®f the various
modelson several simplebenchmarlcases”shouldbe car
ried out. | dareto disagree.The only relevantbenchmark
is the magnetospherigself which we pursueto understand.
Becauseahereare no sufficiently comple<c MHD problems
with analytic solutionsavailable that could sene as com-
prehensie test cases suchintermodelcomparisonsvould
mostlikely only add confusion. In situ datathat are suit-
able as model input and for comparisonwith model out-
putarewidely availablethroughtheInternationalSolarTer
restrial Physics(ISTP) programand other sources. Model
event studies[Fedderet al., 1998; Pulkkinenet al., 1998;
Goodrichetal., 1998;Elsenetal., 1998;Slinker etal., 1995;
Franketal., 1995;Raedertal., 1997,1998;Berchemetal.,
1998a,b; AshourAbdalla et al., 1998] have so far added
muchmoreto our knowledgeof the magnetospherandits
processeghanary studythatrelied on modelingaloneand
appeamuchmoreworthy of pursuing.
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